Abstract. Bromoform mixing ratios in marine air were measured at Cape Point Global Atmospheric Watch Station, South
. Location of Cape Point in relation to Cape Town CBD and southern Africa. Adapted from Kuyper 2014 subtropical location of Cape Point may make this region an important source of bromoform to the atmosphere. Elsewhere in the Southern Hemisphere, a time series measurements of bromoform has been made at Cape Grim, Tasmania but this location is much further south (~41 • S) and in the Indian sector whereas the Cape Point data presented here represent the first of their kind in Africa, or for the South Atlantic region (Cox et al., 2003) .
The Southern Ocean is largely regarded as a highly productive region, especially during the spring and summer (Arrigo 5 et al., 2012) . This region may provide a significant contribution to the global atmospheric loading of bromoform. However, the Southern Ocean is largely under-sampled when it comes to bromoform measurements. Although there have been sporadic ship cruises to the Southern Ocean (Ziska et al., 2013) , no long term work has been done in the Atlantic sector of the Southern Ocean. The data presented here therefore offer the first medium timescale measurements of bromoform in Southern Ocean air.
In addition to receiving baseline air from the south Atlantic and Southern Ocean Cape Point also sits above extensive 10 kelp beds. Cape Point is an ideal location to sample the open ocean, local tidally affected kelp beds, as well as the occasional 3 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -244, 2017 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 16 May 2017 c Author(s) 2017. CC-BY 3.0 License. anthropogenic pollution event from the greater Cape Town region because of the varying wind direction. Addressing the paucity of data from this region will be instrumental in separating the persistent conundrum as to the major source of bromoform in the atmosphere.
Methods
The separation, identification and quantification of bromoform was achieved using a GC-ECD system. This featured a custom 5 built thermal adsorption/desorption trap for pre-concentration of atmospheric samples and delivery of analytes onto the GC column (Kuyper, 2014; Kuyper et al., 2012) . Analysis was conducted as per method described in Kuyper (2014) . Specific details of the sampling method in this campaign are described below.
Sampling
The measurements of bromoform were made at Cape Point Global Atmospheric Watch station (GAW) in the austral spring of
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October and November 2011. The manual nature of the GC system coupled with periods of instrument downtime, resulted in a quasi-discrete sampling pattern with a measurement frequency of approximately 45 min to 1 hour. A total of 131 discrete bromoform measurements were made in air samples during this period.
Gas chromatography system
A Shimadzu GC-8A with a Perkin Elmar F-22 ECD was used to record the bromoform concentrations. A J & W Scientific 15 DB-624 (30 m x 320 x 1.8 µm, 5 % polarity film) capillary column was used in the oven to achieve the separation of samples.
A constant helium flow of 5 ml min −1 (Grade 5.0, Air Liquide) was maintained through the column at the start of the each analysis. The limited nature of the GC system meant that no adjustment was possible for the change in gas viscosity with the temperature ramp. The oven was maintained at 35
• C for 5 min following the injection of a sample. Thereafter the oven temperature was ramped at 65 
Pre-concentration of samples
Air samples were pre-concentrated in a custom built thermal desorption unit (TDU, Kuyper et al., 2012) . Adsorbents (Carbopac X and Carboxen 1016, 9 mg each) held in a glass tube were cooled to -20
• C during the trapping phase. Air was passed through the trap at 100 ml min −1 for 15 min, resulting in a 1.5 l sample size. The cooling of the system was achieved by a recirculating chiller filled with glycol. An oil free piston pump was used to draw air through the trap. The pump was operated at 400
with the excess gas vented to the atmosphere.
After trapping air samples were rapidly heated for desorption. A built in resistance wire heated the glass tube to 400
• C. A second stage cryo-focusing system was used at the head of the column, with liquid nitrogen to improve the chromatography.
The liquid nitrogen was held at the head for the duration of the primary injection. Thereafter, boiled water was used to desorb the samples trapped at the head of the column.
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A variable wind speed and direction pattern was observed at Cape Point during the bromoform sampling period (October/November 2011). The wind was predominantly from the WSW to NW, drawing air from the mid Atlantic to southern Benguela. The highest wind speeds were also coincident upon this direction. A second mode of high wind speeds were observed from the E to ESE (Fig. 3a) . Small contributions were added to from the north and south. Wind direction and radon concentration ( The wind speed and direction time series shows the progress of different air masses influencing Cape Point (Fig. 4) . The wind speed and direction shift from southeasterly through westerly to northwesterly as subtropical anticyclones pass and cold fronts approach from the southwest. Periods of stability were seen particularly between 15, 16 and 23-28 October. The transit 30 of weaker cold fronts caused the occasional rapid shifts on the 19th, 29th and 30th. The wind speed was highest between the 14 6 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -244, 2017 Manuscript under review for journal Atmos. Chem. Phys. 
Carbon monoxide climatology
Concurrent measurements of carbon monoxide (CO) were used as an anthropogenic marker in the air samples. This further augmented the separation of the samples by air mass. Elevated CO concentrations (250 ppb) were observed to the northeast of Cape Point (Fig. 5 ). These elevated CO concentrations are coincident with a mean bromoform mixing ratio of 45 ppt (overall mean of 25 ppt). There were however, few bromoform measurements at these CO levels (9 discrete samples). Lower CO 5 concentrations (<100 ppb) are associated with lower bromoform mixing ratios, especially those immediately surrounding Cape Point (Fig. 5) . Measurements of bromoform at all ranges were recorded at CO levels below 100 ppb. The overall relationship between CO and bromoform in this data set is weak (r = 0.13).
Ozone climatology
The ozone mixing ratios measured at Cape Point were largely stable ranging between 20 and 35 ppb with a mean of 27.6 ppb 10 ( Fig. 6, 7 ). There were two periods of elevated O 3 : 18-23 October and 7-10 November (Fig. 7) . During these periods the ozone 8 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -244, 2017 Manuscript under review for journal Atmos. Chem. Phys. mixing ratios were elevated above 35 ppb, otherwise the mixing ratios were below 30 ppb. Two regions of elevated bromoform mixing ratio were discovered when measured against ozone concentration and wind direction (Fig. 6) . The occurrence to the north was co-incident with the highest ozone concentrations. The elevated bromoform event to the northwest exhibited lower ozone concentrations. This elevated event sits in stark contrast with the observations from the southeast. These observations have similar ozone concentrations as those to the northeast, however the bromoform mixing ratios were significantly lower at 5 between 10-30 ppt (Fig. 6 ).
Bromoform time series
The time series measurements of bromoform at Cape Point displayed three periods of elevated mixing ratios above 40 ppt (Fig. 7) . A maximum of 84.7 ± 10.8 ppt and a minimum of 2.3 ± 0.4 ppt was observed at Cape Point, having a mean of 24.7 ± 3.1 ppt during the sampling period. Over this time series 63 % of the measurements recorded were below the mean (Fig. 7) .
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Periods of elevated mixing ratios occurred between 18-23 October, 26-30 October and 7-11 November: hereafter called events 9 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -244, 2017 Manuscript under review for journal Atmos. Chem. Phys. (Fig. 4) . The wind direction was dominantly from the west to northwest. Two cold fronts transitioned Cape Point during this period. The first cold front passed through on the 19th while the second impacted Cape Point from 21 October. While the back trajectories all source from the Southern Ocean, the air parcels transition over the terrestrial biosphere prior to their arrival at Cape Point (Fig. 10) . This is particularly noticeable on the 18th when the trajectories pass over Cape Town. by 28 October. While the CO values remained < 100 ppb and O 3 mixing ratios exhibited only a modest increase towards 10 the middle of the period considered. The ozone mixing ratios rose from 24.6 ppb to a maximum of 33.5 ppb. Bromoform mixing ratios rose steadily from a minimum of 8.8 ppt on 25 October to a peak of 85 ppt on 27 October (Fig. 8) bromoform measurements largely remained above the background during this event. The back trajectories during this event all source from deep in the Southern Ocean to the east of Bouvet Island (54.43 Fig. 10b ). The air masses uniformly transition directly from the Southern Ocean to Cape Point during this event.
Event 3: 7-11 November 2011
Bromoform mixing ratios showed two elevated events of similar magnitude within this period. Following the first peak the 5 bromoform mixing ratios decreased from 65.2 ppt to a low of 10.2 ppt. Thereafter the mixing ratios rose to a maximum of 70.2 ppt. The radon concentrations followed a similar pattern decreasing initially from 1470 mBq m . The wind direction backed from northwesterly on 7 November, through the south to the north by the 11th. A decrease in CO mixing ratios occurred over this period. The mixing ratios decreased from 75.0 ppb on 7 November to < 55 ppt on the 11th. A second event was not 10 observed in the CO mixing ratios. Ozone mixing ratios showed a similar pattern to bromoform and radon, with 2 events. An initial decrease between 7 and 8 November with a minimum on the morning of 10 November. This is followed by a rapid rise from 21.1 ppb to 30.0 ppb. The back trajectories showed that the air masses arriving at Cape Point moved from north to south.
Air masses on 7 and 8 November arrived from the north, transitioning over the Benguela Current. On 9 and 10 November the air masses arrived directly at Cape Point from the west and south west, respectively. The final trajectories arrived from the south (Fig. 10) . 
Chemical climatology
The shifts between winds with a westerly component to those with an easterly component observed during this period is typical of the Cape Point region which is subjected to the passage of migratory anticyclones and cold fronts during the austral spring This seasonal migration allows midlatitude depressions and their associated cold fronts to influence Cape Point during spring.
As these systems can advect clean marine air from the Southern Ocean over the city of Cape Town in a northwesterly direction, it is possible for this modified anthropogenic air to reach Cape Point. This process is the likely source of the occasionally 15 elevated
222
Rn mixing ratios observed in this study. The CO and radon measurements show that the majority of the bromoform measurements were made in marine air and therefore of biogenic origin. However, all the measurements of bromoform made in continental air displayed elevated mixing rations above the mean (Fig. 7) . This finding provides strong, if circumstantial, evidence to suggest that anthropogenic sources can play a significant role in the variability of bromoform concentrations at the Cape Point site.
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The two events of elevated ozone concentrations observed at Cape Point (18 October and 7 November) were coincident with elevated CO and 222 Rn measurements, strongly suggesting an anthropogenic source. The exposure of kelp to ozone (a strong oxidant) has been shown to result in the production of bromoform (Palmer et al., 2005) and thus the elevated ozone on these occasions would be anticipated to have elicited a response from the local kelp beds lying to the north and northwest of Cape Point. The data presented here tentatively appear to confirm this hypothesis with high concentrations of CHBr 3 being reported 25 during periods of high ozone concentrations, specifically and uniquely from air masses coming from north and northwest (Fig. 8) .
The elevated bromoform mixing ratios to the north coincide with elevated ozone and may be a function of anthropogenic sources. However, when we cross reference these data against a tide table (data not shown), we obtain an unexpected result.
Interestingly the bromoform mixing ratios appeared to show a peak at high tide and not low, as would have been anticipated 30 (Jones and Carpenter, 2005) . One possible explanation for the coincidence of high bromoform at high tide is that the source of the bromoform lies ca. 350 km up the west coast (the coast is populated with kelp from Cape Point all the way to Angola, some 4000 km up the coast). Using the HYSPLIT model it appears that some of the source air parcels being sampled had passed over the coast 6 hours prior to arriving at Cape Point, giving further weight to the hypothesis that local tidal height is not a driving factor (Fig. 10) . It is however, also possible that another mechanism not investigated could have influenced the bromoform mixing ratios. Possible mechanisms include anthropogenic sources from Cape Town or phytoplankton and kelp from the Benguela region. These sources are clearly independent of the local tides at Cape Point. The extensive kelp beds surrounding Cape Point may contribute bromoform to both the consistent baseline and the extreme events observed.
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While, other typical meteorological conditions were recorded during the bromoform sampling period they do not appear to have played a role in the variability of the measurements. These conditions might have played a smaller role in the variability and been dwarfed by factors such as the changing wind direction and the alternating sources. The quasi-discrete nature of the bromoform measurements may also mean that only the factors that have a large impact show an impact on the variability, while smaller process although important are lost due to the nature of the sampling. 
Bromoform time series
The observed bromoform mixing ratios presented here were approximately 2-5 times larger than most of the previously published work, specifically at coastal sites (Table 1 ). The highest concentration reported here (85 ppt) is second only to those reported in Gran Canaria (300 ppt) and around 25 % higher than those reported in Borneo (60 ppt) (Ekdahl et al., 1998; Pyle et al., 2011) . However, focusing merely on the maximum value does not tell the whole story. Looking at the reported minimum 15 or mean values, those reported here are more similar to past studies (Table 1 ). The minimum value reported here (2.29 ppt)
is remarkably similar to that reported in Borneo or Cape Verde (2 ppt), moreover the average is less than 2 times higher than many other studies. What these statistics show is that the Cape Point bromoform concentrations are actually similar to previous studies, but the maximum and the mean have been skewed by a small number of extremely high values. This pattern is comparable (although somewhat more extreme) to that observed in Borneo, but stands in contrast to Gran Canria, where all of the 20 values were elevated. It is likely that the strongly elevated events observed here are the cause of the anomalously high mean values reported.
Episodic events Event 1: 18-23 October 2011
The data presented here allows us to characterise this event as being a result of air passing over the City of Cape Town and 25 entraining CHBr 3 from terrestrial anthropogenic sources. Throughout event 1, the 222 Rn, CO and O 3 mixing ratios were all elevated which suggests a strong anthropogenic influence. This was a result of typical spring weather patterns which see the arrival of episodic cold fronts and migratory anticyclones drawing air from the interior and specifically from Cape Town to Cape Point. Two dominant periods of westerly to northwesterly wind direction were observed during event 1, driven by these synoptic systems. That this airmass was strongly influenced by anthropogenic sources is confirmed by back trajectory analysis 30 (Fig. 10) . The air masses pass over Cape Town on 18 October and then move off shore before swinging back to the northwest on 22 October, drawing air masses from Cape Town and then marine sources. These circulation patterns confirm that an important et al., 2004; 7 Quack et al., 2007; 8 Ekdahl et al., 1998. contributing factor to the elevated bromoform concentrations observed during this period, may be from anthropogenic sources.
The City of Cape Town metropolitan area encompasses both multiple water treatment works and a nuclear power station; both of which are demonstrated sources of bromoform to the environment (Quack and Wallace, 2003) . However, given the fact that Cape Town is situated on the coast and in proximity to extensive kelp beds, the contribution from marine biogenic sources may be equally important. Thus, the data presented here imply that the high concentrations observed resulted from a combination 5 of anthropogenic sources augmented with marine biogenic sources, but do not necessarily reveal the extent of the contribution from each.
Episode 2: 25-28 October 2011
This episode, which exhibited the highest bromoform concentrations, appears to be one driven purely by biogenic factors. In contrast to the first event, the CO and radon values strongly suggest that the air mass was not anthropologically influenced. An 10 event of moderately elevated ozone was observed during this period. However, given that this event was not associated with a concurrent increase in the other anthropogenic traces, it is safe to conclude that this ozone was biogenic in origin. The westerly wind direction indicates wind coming directly from the south Atlantic arriving over the local kelp beds. The HYSPLIT back trajectories show that over these three days the air masses came consistently from the Southern Ocean and arrived directly at Cape Point from the west. Therefore, the extensive kelp beds appear to be the most likely source of bromoform measured 15 during this event. Most likely elicited from the kelp through increased oxidative reactions under elevated ozone conditions.
If it is accepted that the high bromoform concentrations are purely biogenic in origin, then this raises the question as to Why bromoform should exhibit such high concentrations around Cape Point warrants careful analysis. Candidate sources include (a) production from macroalgae in the extensive kelp beds to the west and north of the Cape, (b) production from microalgae in the Benguela upwelling system to the north west of Cape Point and anthropogenic sources and (c) anthropogenic sources (including water treatment and a power station), (d) production from micro algae in the south Atlantic and Southern
Ocean. Case studies of three events where bromoform concentrations were significantly elevated were presented. By using 5 a combination of chemical tracers, wind direction and back trajectory analysis we were able to show that, although there is evidence of an anthropogenic source in the region, the highest bromoform concentrations were only reported when the air mass sampled was influenced by marine and coastal air with no evidence of anthropogenic influence. This implies that the high concentrations were a result of either the local kelp beds or the Benguela upwelling system.
Further work needs to be done to categorise these biological sources. The production rate of the kelp species around Cape
10
Point is currently unknown. These kelp beds could be a significant global source of bromoform and thus, Cape Point could be an important site to begin untangling the question of whether phytoplankton or kelp dominate in the global budget of bromoform.
It is interesting to note that the only other study to report higher concentrations of bromoform than observed at Cape
Point also occurred in a subtropical west coast upwelling system (Gran Canaira). Although one would need to obtain more measurements form other sites and for longer periods, it is tempting to infer that these subtropical upwelling systems could be 15 a significant source of bromoform to the marine boundary layer atmosphere which, if true, would have important implications for global atmospheric bromoform and halocarbon budgets. Nevertheless, it is clear that ongoing measurements at Cape Point are highly desirable. An important next step is to fully characterise the seasonal and diurnal cycles of bromoform at this site which will help in assessing any changes in bromoform mixing ratio in the long term.
20
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -244, 2017 Manuscript under review for journal Atmos. Chem. Phys. 
